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Abstract— There are investigated nonlinear electrodynamic phenomena in volume narrow-gap
semiconductors n-InSb, n-InAs at frequencies 1-5 THz. The nonlinearity of the electron gas due
to the Kane dispersion law is dominating there. The equation for the amplitude, which is slowly
varying with respect to time only, has been derived. The saturation of nonlinearity is taken
into account. Under a propagation of THz transverse limited electromagnetic pulses through
the structure intrinsic InSb-n-InSb-intrinsic InSb both the longitudinal and transverse focusing
occurs. This leads to the wave collapse, or the concentration of the wave energy near one point.
The optimum conditions for realizing wave collapse are obtained. A comparison is given with the
structures that include the graphene sheets.

1. INTRODUCTION

The radiation of the terahertz (THz) range f = 100 GHz-30 THz is used in spectroscopy, medicine,
scanning, and environmental science [1]. Nonlinear materials for THz range are: graphene and
semimetals, paraelectrics, superlattices, and narrow gap semiconductors. The narrow-gap semicon-
ductors like InSh, InAs, Cd,Hg;_,Te possess high dynamic nonlinearity in THz range under the
temperatures 7" > 77 K due to the nonparabolicity of the electron dispersion law [2, 3].

In this report the nonlinear electrodynamic phenomena in i-InSb-n-InSh-i-InSb structures are
investigated, where the nonlinearity of the electric current due to the nonparabolicity of the dis-
persion law of conduction electrons is dominating. Generally this nonlinearity is not cubic and the
general expression for the current density is used. Under a propagation of electromagnetic (EM)
pulses through n-InSb both the longitudinal and transverse focusing occurs. This phenomenon re-
sults in the strong compression of the input pulses that leads to the wave collapse and concentration
of the EM energy near one point.

2. BASIC EQUATIONS

Nonlinear propagation of transversely limited EM pulses in simple structures i-InSb-n-InSb-i-InSb
is considered. The possibility of wave collapse of input pulses is of great interest. The structures
have interfaces parallel to XY plane, while EM wave propagates in OZ direction. The almost
linearly polarized EM wave E = E, is considered.

The n-InSb layer has the equilibrium electron concentration ng ~ 10®-10'6cm™2 under the
temperatures 7' > 77 K. The electrodynamic nonlinearity is due to the electron nonlinearity of
the Kane dispersion law [2,3]. The hydrodynamic equation of motion of the electron gas can be
presented as [3]:
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This equation of motion is analogous to the relativistic equation of motion of the particle, when
the velocity of light ¢ is replaced by the characteristic velocity v, ~ 1.2 - 10%cm/s. Here v is the
electron velocity, m* ~ 0.014 - m, is the electron effective mass, F, ~ 0.23 eV is the forbidden gap
for InSb [4,5]. From Eq. (1) it is possible to get the following expression for the density of the
electron current:
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Generally the electron nonlinearity is of the saturating type. For the electric field the wave equation
is used:
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Here D is the linear electric induction that includes the polarization of the crystalline lattice. The
frequency-dependent linear dielectric permittivity of the semiconductor crystal is [4]:
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Here €(0), e(x) are low- and high-frequency dielectric permittivities, wp is the frequency of trans-
verse optical phonons, 7 is the lattice dissipation [4].
The solution of Eq. (3) can be searched in the following form [6-9]:

1
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The amplitude C' is slowly varying in time ¢, but the dependencies on z and the radial coordinate
p are arbitrary. This is important for the nonlinear focusing of EM wave considered below.
From Eq. (5) it is possible to obtain the following expression for D [6,9]:
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After substitution of Egs. (6) and (2) into Eq. (3), the following nonlinear equation for the wave
amplitude C' has been derived:
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Here e = £ 4 (w/2)(de/dw) is the correction of the permittivity due to the frequency dispersion,
wy = (4me®ng/m*)'/? is the electron plasma frequency. The collision frequency v of electrons is
taken into account here. It is of about v = 2 x 101 =102 s~! for InSb in the temperature T' = 77 K~
300K. It follows from Eq. (7) that the nonlinearity in n-InSb is focusing both in the longitudinal
direction z and in transverse one p. The volume nonlinearity of n-InSb results in the wave collapse
of the pulses, as our simulations are demonstrated.

Equation (7) is added by boundary conditions that are obtained from the continuity of the
tangential components F, and H, at the boundaries i-InSb-n-InSb. At z < 0 both the incident
and reflected waves are present, at z > L, only the transmitted wave exists. In the parabolic
approximation the boundary conditions are:

o ikC = =2ikE;i(p,t), z=0; oc +ikC =0, z=1L,; where k= Y1/ (8)
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Here E;(p,t) is the amplitude of the incident wave in the input.

3. RESULTS OF SIMULATIONS

The incident pulse is:
6 6
t—1
Ei(p,t) = Eip exp (- <1> ) exp (— (p) ) 9)
to Po

The shape of the input pulse is almost rectangular both for time ¢ and for the transverse radial
coordinate p.

It is investigated a simple structure that includes n-InSb layer of the thickness L, = 0.12 cm.
At z < 0 and z > L, there is i-InSb. In n-InSb the equilibrium electron concentration is ng =
10'6 em =3, the electron collision frequency is v = 6 - 10*1-10'2s~! (T > 77K), the low- and high-
frequency permittivities are £(0) = 17.1, e(x) = 15.15; the frequency of transverse optical phonons
is wpr = 3.376 - 1013571 the lattice dissipation is v = 0.0lwr, see Eq. (4) [4,5]. The THz pulses
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with the carrier frequency w = 2-10'3s™! < wp are considered. The half-widths of the input pulses
vary within the limits pg = 0.01-0.03 cm. The wave reflection at the input is small.

The results of simulations for n-InSb are presented in Figs. 1-3. The electric field is normalized
to E, = 14.4kV/cm there. For all cases the parameter t; is t; = 12ps, see Eq. (9). The wave
collapse occurs when the maximum amplitude of the input pulse exceeds some threshold that
depends on the dissipation. Also the duration of the input pulse and the transverse width should
be optimized, to produce the maximum compression.
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Figure 1: The collapse of the THz pulse in n-InSb with the maximum input amplitude F;p = 18.7kV/cm.
The transverse width of the input pulse is 2py = 0.031cm, the duration is 2t = 11ps. The part (a) is
distribution of |C(z,p)|? at t = t; =12ps, the parts (b) and (c) are |C|? for the maximum compression ¢ =
21.5ps, general and detailed views. The electron dissipation is v = 6 - 10*' s~ 1.
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Figure 2: Spatial distribution |C|? of the pulse. The input amplitude is E;p = 28.8kV/cm. The transverse
width of the input pulse is 2pg = 0.028 cm, the duration is 2ty = 5.6ps. Part (a) is for the time moment
t =1, = 12ps, (b) is for t = 23 ps. A higher dissipation v = 1012571
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Figure 3: Spatial distribution |C|? of the pulse within the structure. The input amplitude is E;p =
18.7kV/cm. The transverse width of the input pulse is 2py = 0.031cm, the duration is 2t = 14ps (a
longer pulse, compared with Fig. 1). Part (a) is for the time moment ¢t = t; = 12ps, (b) is for ¢t = 22 ps.

When there is some deviation from the optimum input parameters, EM concentrates near several
points, as seen in Fig. 3(b). The input pulse is longer, when compared with Fig. 1.

The wave collapse also can be realized in the narrow-gap semiconductor n-InAs, where the
structures i-InAs-n-InAs-i-InAs are simulated. The electron concentration is ng = 10" cm™3, the
effective mass is m* ~ 0.023 - m,, the forbidden gap is E, ~ 0.31eV [4,5], v, =~ 1.1 - 108 cm/s; the
low- and high-frequency permittivities are £(0) = 15.15, () = 12.3; the frequency of transverse
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Figure 4: The wave collapse in n-InAs. The maximum input amplitude is E;p = 25kV/cm. The transverse
width of the input pulse is 2p9 = 0.03cm, the duration is 2ty = 9.6ps. Part (a) is for the time moment
t =12ps, (b) is for t = t; = 23.5ps. The electron dissipation is v = 6 - 101 s71.
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Figure 5: The wave collapse in n-InAs. The maximum input amplitude is E;g = 33.4kV /cm. The transverse
width of the input pulse is 2pg = 0.025cm, the duration is 2ty = 6ps. Part (a) is for the time moment
t =t; =12ps, (b) is for t = 22 ps. The higher dissipation v = 102 s~1.

optical phonons is wyp = 4.046 - 1013571, the lattice dissipation is v = 0.01wy [4,5]. The results of
simulations are given in Figs. 4, 5. Here the electric field is normalized to F,, = 16.7kV/cm. The
wave collapse occurs at higher input amplitudes of the pulses.

Therefore, the wave collapse of input THz pulses of the durations 5-20 ps and the transverse
widths 0.02-0.04 c¢m in the structures that include n-InSb or n-InAs semiconductors can be used
for the concentration of the electromagnetic energy near some point within the crystal. Because
the electron dissipation is quite high v > 5- 10! s~!, the realization of stable temporal or spatial
solitons in THz range is doubtful, whereas the wave collapse can take place.

4. CONCLUSIONS

The principal effect reported in this paper is the nonlinear spatiotemporal focusing of THz pulses
that leads to the wave collapse, or the concentration of EM energy near some point within the
narrow-gap semiconductors n-InSb or n-InAs. The carrier frequency should be chosen below the
frequency of transverse optical phonons. The shape of the input pulse should be optimized, to
obtain the single nonlinear focus. The optimization should be realized for the input amplitudes of
the pulses and on their durations and transverse widths.

In a distinction to the structures with n-InSb or n-InAs, in the structures with graphene lay-
ers [10] the wave collapse is absent [7,8]. Other phenomena, like the transition to the transmis-
sion regime of short incident pulses due to nonlinearity and change of the transverse widths of the
pulses [7, 8], can be realized both in the structures with the graphene layers and with the narrow-gap
semiconductors. In THz range the nonlinearity manifests at similar levels of the input amplitudes
both for the structures with graphene layers and with the n-InSb ones.
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